Abstract-The intima-media thickness (IMT) of the common carotid artery (CCA) is a well-known indicator of cardiovascular disease (CVD). The objective of this study was to investigate the application of texture analysis of the medial layer (ML) of the CCA, and how texture features vary between the left and right carotid sides, as well as how these are affected by CVD. The study was performed on 200 longitudinal-section ultrasound images from 150 normal subjects, and 50 symptomatic subjects suffering with CVD. The ML was segmented automatically by a snakes segmentation system and 61 different texture features were extracted. This study showed that only the gray level difference statistics (GLDS) correlation measure of the ML component could be used to differentiate between normal subjects, and subjects suffering with CVD for either the left or the right CCA sides. We furthermore found that a number of texture features were significantly different between the left and the right CCA sides. We have found no other studies in the literature where these findings could be compared to. These findings should be further validated on a larger number of subjects as well as combined with additional risk factors.
I. INTRODUCTION
Cardiovascular disease (CVD) is the largest cause of death worldwide [1] . Atherosclerosis is the main reason leading to CVD and can result to heart attack, and stroke [1] , [2] . Carotid intima-media-thickness (IMT), is a measurement of the thickness of the innermost two layers of the arterial wall of the common carotid artery (CCA) [2] , and it is well accepted as a validated surrogate marker for atherosclerotic disease. It was also proposed in [3] , that the media layer (ML) (see also Fig. 1 ) thickness and textural characteristics, may be investigated for evaluating the risk that a subject might have to develop a stroke. The objective of this study was to investigate the application of texture analysis of ML of the CCA, and how texture features vary between the left and right carotid sides, and how these are affected by CVD.
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Niki Georgiou, Maura Griffin and Andrew Nicolaides are with the Vascular screening and diagnostic center, Nicosia, Cyprus (e-mail: anicolaides1@gmail.com). media complex (IMC) (but not for the ML alone were investigated). It was also recently shown in [7] that the IMT is not equal in both CCA sides, but no statistical significant differences were found. It was found in [7] that the IMT in the left CCA side is slightly larger than that of the right CCA side.
It is noted that most IMT studies in the past were performed on individuals at the age of 50 years or more [8] - [11] , thus excluding the possibility to reveal the differences at an earlier stage of the disease [8] . It was also shown in [10] , that the CCA IMT may be possibly used for the prediction of possible infarct side and for the prediction of potential risk of stroke by evaluating the IMT on both sides of the CCA [12] . In [13] , the side differences in CCA IMT measurements, and their prognostic value in patients with stable coronary artery disease were evaluated. The study in [13] showed that the left and the right CCA may exhibit different prognostic values in the investigated population.
IMT can be measured through the segmentation of the IMC, which corresponds to the intima and media layers of the arterial wall. There is a plethora of ultrasound imaging CCA IMC segmentation algorithms which were reviewed in [14] . In two recent studies performed by our group [15] , [16] , we presented a semi-automatic method for the IMC segmentation [15] . These systems use active contour models in a normalized rectangular region of interest where speckle removal was applied [17] . In [16] , we presented an extension of the integrated system proposed in [15] , where also the intima layer and the ML of the CCA were segmented. Furthermore, a fully automated method based on active contours was recently proposed for the segmentation of the IMC from ultrasound images of the CCA [18] .
The objective of this study was to investigate whether textural characteristics extracted from the ML of the CCA, segmented automatically by a snake's segmentation system [15] , [16] vary between the left and right carotid sides, and how these are affected by CVD.
II. MATERIALS & METHODS

A. Recording and Preprocessing of Ultrasound Images
A total of 200 B-mode longitudinal ultrasound images of the CCA which display the arterial wall as a regular pattern (see Fig. 1a and b) that correlates with anatomical layers were recorded. The images were acquired by the ATL HDI-5000 ultrasound scanner (Advanced Technology Laboratories,
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Seattle, USA) [19] with a resolution of 576X768 pixels with 256 gray levels from 105 men and 95 women with a mean±SD age of 65.57±10.61 years. For the recordings, a linear probe (L74) at a recording frequency of 7MHz was used. Assuming a sound velocity propagation of 1550 m/s and 1 cycle per pulse, we thus have an effective spatial pulse width of 0.22 mm with an axial system resolution of 0.11 mm [19] . We used bicubic spline interpolation to resize all images to a standard pixel density of 16.66 pixels/mm (with a resulting pixel width of 0.06 mm). The images were recorded at a cohort study in a Cyprus mountain village from asymptomatic, apparently healthy subjects (N=150), and symptomatic subjects, which have already developed CVD events (N=50). The ages of the two groups (with and without CVD) were statistically significant different (p=0.004, using the Mann-Whitney rank sum test). A written informed consent was obtained according to the instructions of the local ethics committee.
Brightness adjustments of ultrasound images were carried out in this study based on the method introduced in [20] . In this study the linear scaling filter (despeckle filter-DsFlsmv) [17] , utilizing the mean and the variance of a pixel neighborhood was used to filter the ultrasound images prior to segmentation and texture analysis.
B. Automatic ML and IMC Snake Segmentations
The IMC and ML regions were automatically segmented using the automated snakes segmentation system proposed and evaluated on 100 ultrasound images of the CCA in [15] and [16] , which is based on the Williams & Shah [21] snake segmentation method. The extracted snake contours (see Fig.  1a and 1b) , correspond to the adventitia and media borders of the ML. The distance is computed between the two boundaries, at all points along the arterial wall segment of interest moving perpendicularly between pixel pairs, and then averaged to obtain the mean MT thickness (MLT mean ). III. RESULTS Figure 1 illustrates an example of automated ML segmentations acquired from a female CVD subject at the age of 75 years. We show in Fig. 1a ) the left and in Fig. 1b ) the right ML segmentations respectively. Table I presents the median and inter quartile range (±IQR) of different texture features for the ML between the left and the right CCA for CVD=NO and CVD=YES. All features tabulated except the median showed significant difference between the left and the right sides, either for subjects with CVD=No, or subjects with CVD=Yes. Moreover, rather low correlation coefficients were obtained between the left and the right sides for both CVD=No, and CVD=Yes subjects. The last two rows present the IMT and MT measurements as well. Figure 2 presents box plots for the features median (FOS feature group) and correlation (GLDS feature group) for both sides for CVD=No and CVD=Yes.
C. Texture Analysis
Table II presents the ML texture features that showed significant difference between the CVD=No and CVD=Yes groups. Only GLDS Correlation could differentiate between the two groups for both sides. Correlation is a measure of gray-tone linear dependencies and of heterogeneity. Heterogeneous images have higher correlation values.
IV. CONCLUDING REMARKS
This study showed that only the GLDS Correlation measure of the ML component could be used to differentiate between normal subjects, and subjects suffering with CVD for either the left or the right CCA sides. We have found no other studies in the literature where these findings could be compared to. Exception is the study of [3] , where it was shown that ML texture features may be used to separate subjects with age groups. Some limitations of the proposed method include the presence of acoustic shadowing together with strong speckle noise, which hinders the visual and automatic analysis in ultrasound imaging. Such images, with bad visual perception, were neither included in this study nor were they delineated by the experts [15] - [8] , [14] , [18] , [20] . We have also excluded from our segmentation experiments images with extensive echolucency and calcification. In the present study in less than 3% of the cases the positioning of the initial snake contour was not calculated correctly. Furthermore, only vessels without atherosclerotic plaques were segmented in this study.
The findings of this study should be further validated on a larger sample, a task which is currently undertaken by our group. Additional risk factors, such as age, sex, weight, blood pressure and others, should be taken into account for predicting future cardiovascular outcomes. Future work will investigate whether it is possible to identify a group of patients at risk of atherosclerosis based on their texture features extracted from the ML of high-resolution ultrasound images of the CCA.
